One of the main goals of the solar energy industry is making solar technologies cost-competitive with other forms of energy. In particular, balance-ofsystem (BoS) costs associated with the installation of photovoltaic (PV) systems require significant cost savings to stay competitive with conventional energy sources. Significant potential for cost savings exists through increasing the productivity of the labor force installing the system. A gap in knowledge exists regarding approaches to measuring and improving solar installation labor productivity. The objectives of this research are to design a proper method for conducting time and motion studies for solar contractors, collect and aggregate data related to installation practices, and examine factors that affect solar installation labor productivity. In order to achieve these objectives, the Georgia Technology Research Institute (GTRI) laboratory, in partnership with the Rocky Mountain Institute (RMI), conducted time and motion studies on residential and commercial projects sites to collect and document data on the steps in the installation process of PV systems. An aggregation and analysis of data recorded for each step in these studies was performed to estimate the time to accomplish each task and identify the patterns that affect labor productivity. For this research, the proposed time and motion study approach was examined on two residential and commercial solar installation projects. The findings of the research show that conducting proper time and motion studies can determine the time spent on solar PV installations activities, in order to better understand which activities consume the most labor time and what types of contextual variables have greater impacts on installation labor productivity. 
INTRODUCTION
Solar photovoltaic (PV) technologies are relatively new, and have not yet been widely adopted for electricity generation. One of the main reasons for limited use of PV systems is its high cost. Although the number of installed solar PV systems in the U.S. has increased in the past decade, costs must drop to fundamentally lower levels if this technology is to play a significant role in meeting U.S. energy needs. Therefore, researching methods for making PV systems cost-competitive, without federal subsidies, with conventional power sources will help to advance their broader implementation.
In particular, Balance-of-System (BoS) costs associated with the installation of solar PV systems is an area where costs could be reduced. BoS costs refer to all of the up-front costs associated with a PV system except for the module and inverter. These costs include: mounting and racking components, wiring, financing and contractual costs, permitting, interconnection, and installation labor. Investigating ways of reducing the costs of any or all of these components will subsequently help to reduce the PV systems cost.
There are many opportunities for BoS cost reduction; these include: identifying best practices and spreading them across the industry, optimizing PV structural systems, and increasing efficiency in labor productivity. The Georgia Technology Research Institute (GTRI) laboratory and the Rocky Mountain Institute (RMI) are conducting several studies to address these subjects. In particular, this research aims to define a methodology to observe and document data related to installation practices and to identify the site specific factors that affect solar installation labor productivity in order to help the solar industry more effectively direct efforts to improve its performance.
SIGNIFICANCE OF THIS RESEARCH TO THE SOLAR INDUSTRY
BoS costs, including labor productivity, represent a significant portion of the overall cost of the system. As of 2012, BoS costs accounted for 60% of the price of U.S. rooftop PV systems. However, such costs were 75% lower in Germany, which has been considered the solar market leader over the last years (Ardani et al. 2012) . Module price reduction without a corresponding decline in BoS costs will obstruct the system cost competitiveness and adoption in the U.S.
It is expected that this research will assist the solar industry identify main drivers and opportunities for increasing installation efficiency and thus reduce labor costs significantly.
LITERATURE REVIEW
Literature on improving construction labor productivity is broad. Particularly, studies that focus on drivers of labor productivity in electrical and mechanical construction were reviewed.
Cost and labor data have been collected from installers mostly through surveys and on field measurements. Moreover, factors affecting construction labor productivity have been identified.
The most prominent studies identified construction equipment, project management, and craft worker's qualifications as some of the areas with the greatest possibility for project productivity improvements (Dai et al. 2009 ). Additionally, using quantitative statistical methods and qualitative input from contractors, another study identified single or multiple project changes as a factor that has an impact on labor productivity (Hanna et al. 2004) .
There is limited literature that focuses on factors affecting labor productivity in the solar industry. However, a study developed by the Lawrence Berkeley National Lab (Ardani et al. 2012 ) presents annual expenditure and labor hour productivity data of residential and commercial projects, providing further granularity to BOS cost estimates.
METHODOLOGY
In order to quantify the time spent on solar installation activities, the Georgia Technology Research Institute (GTRI) in partnership with the Rocky Mountain Institute (RMI) have chosen to conduct Time and Motion studies, a method in which a repetitive complex task is broken down into small steps and precise time is measured for the sequence of movements in the performance of a specific job to detect and eliminate redundant or wasteful motions.
Time and motion studies are being used for the collection of a substantial database of solar installation labor productivity of residential and commercial projects in U.S. Productivity is defined as the total time necessary to complete the installation of a PV system. By directly observing, measuring and documenting the time and physical motion of each process step in the installation of PV systems, the research will identify relevant factors that affect the installation productivity, providing a quantitative approach to reducing installation time and costs.
These studies required partner solar contractors that allow GTRI and RMI to visit and observe residential and commercial installations on-site. Data from these projects was collected and sorted by four primary activities: 1) Pre-installation preparation, 2) Racking and Modules, 3) Electrical and Wire Management, and 4) Non-production; and several secondary sub-activities, as shown in Table 1 . The collection of data is based on visual observations, physical measurements, reviews of construction documents, and discussions with the installers. Project variables are measured on-site, which include crew size, weather and temperature condition, system size, and company's years in operation, among others.
In order to identify potential factors that affect labor productivity, the data is analyzed using statistical methods to investigate possible correlations among the response variable, total installation time (man-min), and the explanatory variables described in Table 2 . Man-minute is defined as the amount of uninterrupted work performed by one worker in one minute for a specific task. In addition to a high-level installation analysis, rapid time capture studies for recording more granular data on specific activities are conducted. Rapid time capture records time on more specific parts of the process that can be captured in regular intervals. In particular, time is measured on activities that are repeated many times throughout an install and which, in aggregate, make up a significant portion of the installation time; for instance, attaching modules.
SCOPE AND CONSTRAINTS
This research is limited to data collected on-site at residential and commercial solar installations. Two projects in the southeast region of the U.S. were utilized to collect the necessary data for this study: one residential and one commercial installation. The characteristics of these two projects are summarized in Table 3 . Time and motion studies are being performed on more ongoing residential and commercial installations. The data collected on these sites and the subsequent analysis will be presented in future studies.
DESCRIPTIVE STATISTICS
Descriptive statistics were used to summarize the data sets of the residential and commercial projects used for this study. Table 4 shows the total installation time (man-min) for primary activities of these projects. Labor installation productivity (sec/Watt), defined as installation time per system size, is also shown. Total installation time sorted by primary activities is presented in figure 1 . It is shown that Activity 2: Racking and Modules consumes the most labor time, followed by Activity 3: Electrical and Wire Management. Activity 1: Pre-installation preparation and Activity 4: Non-production consume the least labor time in these installations.
Figure 1. Total installation time (%)
Installation time (man-min) sorted by primary and secondary activities is shown in Figures 2 and 3 , respectively. Figure 2 shows that Activity 2 consumes the most labor time. Despite the differences in the characteristics of the projects, it took more time to complete Activity 2 for the commercial installation, than for the residential one. Figure 3 shows that the secondary activities Install, Preparation, and Attach consumes the most labor time in the installation process for both, residential and commercial projects. The following scatterplots in Figure 5 show the relationship between the response variable, total installation time (man-min), and the explanatory variables previously described. For the scope of this project, a positive correlation exists between installation time and higher values of project size; and a negative correlation for higher values of roof angle, number of sub-arrays, module size, average number of components of the rack system, and temperature and humidity.
As the data set increases, the Spearman's Rank Correlation test, a nonparametric measure of statistical dependence between two variables, will be conducted to analyze which explanatory variables show a statistically significant correlation with installation time. Additionally, rapid time capture studies were performed for one specific activity: attaching modules. For the residential installation, 22 repetitions of this activity were recorded; for the commercial installation, 66 repetitions were recorded. Figure 6 and 7 show the frequency distributions of the time (man-min) for attaching modules recorded on residential and commercial repetitions, respectively. The mean time for attaching a module in the residential installation was 1.80 man-min; correspondingly, the mean time for this activity in the commercial project was 3.70 man-min. 
SUMMARY OF FINDINGS
Time and motion studies are being performed in residential and commercial sites in the U.S. to quantify the time spent on each process step in the installation of PV systems and determine which factors have an impact on labor productivity. For this study, data was collected for two projects: one residential and one commercial.
Descriptive statistics were used to summarize the collected data. The results show that installing the racking and modules of the PV system consumes most of the labor time of the installation process for both residential and commercial projects. Also, the secondary activities Install, Preparation, and Attach consume the most amount of time. Out of all the components of a PV system, the modules take the longest to install.
For the scope of this project, a positive correlation exists between installation time and higher values of project size; and a negative correlation for higher values of roof angle, number of sub-arrays, module size, average number of components of the rack system, and temperature and humidity.
Rapid time capture studies were performed for one specific activity: attaching modules. The mean time for attaching a module in the residential installation was 1.80 man-min; correspondingly, the mean time for this activity in the commercial project was 3.70 man-min.
Future work for this research includes the collection of data on more residential and commercial sites to conduct statistical analysis on which explanatory variables show a statistically significant correlation with installation time.
Additionally, a comparison between data collected on solar installations in the U.S. and Germany will be conducted to determine the differences in labor productivity and allow the solar industry to find opportunities to improve the efficiency of installation and therefore increase overall cost savings.
